A b-(1,3),(1,6)-D-glucan produced by A. pullulans (AP-PG) is known to be an immune stimulating agent. In this study, we demonstrate that the stimulation with AP-PG effectively induces the interferon (IFN) stimulated genes (ISGs) in macrophage-like cell lines. The ISGs, Mx1, ISG15, and viperin mRNAs were significantly increased in RAW264.7 cells after stimulation with AP-PG. The stimulation with AP-PG transiently induced IFN-b mRNA. However, the expression of viperin mRNA was also increased after stimulation with AP-PG even when new protein synthesis was completely blocked by treatment with cycloheximide. Further, in IFN-a receptor knockdown RAW264.7 cells, AP-PG stimulation more effectively induced viperin mRNA compared with that of IFN-a stimulation. The phosphorylation of Ser 727 in STAT1 involved in the enhancement of STAT1 activation was immediately increased after stimulation with AP-PG. In addition, viperin mRNA expression induced after stimulation with IFN-a was significantly increased by combined stimulation with AP-PG. These results suggest that stimulation with AP-PG effectively induces the ISGs through the induction of IFN and the enhancement of STAT1-mediated transcriptional activation.
B
lack yeast, Aureobasidium pullulans extracellularly produces a b- (1, 3) , (1, 6 )-D-glucan (b-glucan) at certain growth conditions 1, 2 . The A. pullulans-produced b-glucan (AP-PG) consists of a b-1,3-D-glycosidic linked main chain and b-1,6-D-glycosidic linked side chains, and has an immune modulating activity 3 . A. pullulans-cultured fluid containing AP-PG as a main compound is thought to induce beneficial effects on health, and is marketed as a food supplement.
Interferons (IFNs) play pivotal roles in the elimination of viral infections through the activation of host antiviral responses. The replication of the influenza A virus is strongly affected by production of IFNs 4 . Because of the significance of IFNs, several influenza A virus proteins are involved in the inhibition of the signaling pathway for production of IFNs [5] [6] [7] , and dysfunction of this inhibitory activity is closely related to the effective replication and hence pathogenicity of the influenza A virus. The stimulation with IFNs activates transcription of IFN stimulated genes (ISGs) and exhibits antivirus activity. Several ISGs effective to prevent influenza A virus replication have been reported. One of these is Mx1 etc. Mx1 (myxovirus resistance 1), the mouse homologue of human MxA gene, was the first ISG identified as effective for the inhibition of influenza A virus replication [8] [9] [10] . In addition, viperin (virus inhibitory protein, endoplasmic reticulum-associated, IFN-inducible; also known as RSAD2) 11 , ISG15 (IFN stimulated gene, 15 kDa) 12 , and IFITM3 (IFN-induced transmembrane protein 3) 13 have been independently identified as important host-cellular molecules induced after stimulation with IFNs for the inhibition of influenza A virus replication.
For the activation of innate immunity against virus infections including influenza A virus infection, IRF3 (IFN regulatory factor 3) plays a pivotal role through the transcriptional activation of type I IFN mRNAs 14 . Activation of IRF3 is regulated by IKKe (inhibitor of kB kinase e) and TBK (TNF receptor-associated factor family member-associated NF-kB activator binding kinase) which are signaling molecules located downstream of the pattern recognition receptors, TLR (Toll-like receptor) and RLR (RIG-I like receptor) 15, 16 . Stimulation of these pattern recognition receptors with extracellular pathogen-derived molecules, such as double stranded RNA, 59-triphosphate RNA, and lipopolysaccharide, activates IKKeand TBK-mediated phosphorylation of IRF3 at Ser 397 17 . A transcriptional factor, STAT1 (signal transduction and activator of transcription) is known to be essential in the induction of ISGs in response to stimulation with IFNs 18, 19 . Activation of STAT1 is regulated by phosphorylation at Tyr 701 mediated by JAK (Janus kinase), the downstream kinase of the IFN-a and IFN-c receptors. The phosphorylation of Tyr 701 in STAT1 is critical for the primary activation of STAT1, and is required for dimerization and nuclear translocation of STAT1 20 . In addition, phosphorylation of STAT1 at Ser 727 is also important for activation of STAT1-mediated transcription 21 . Previously, we have demonstrated that oral administration of AP-PG containing A. pulluans-cultured fluid is effective to protect from influenza A virus infections in mice, and that stimulation with AP-PG inhibits influenza A virus replication in a murine macrophagelike cell line, RAW264.7 cells 22 . In this report, we focus on this in vitro anti-virus effect of AP-PG, and demonstrate that stimulation with AP-PG effectively induces ISGs through induction of IFNs and enhancement of the IFN-mediated transcriptional activation of ISGs.
Results
Stimulation with AP-PG induces ISGs responsible for eliminating influenza A virus infection in RAW264.7 cells. Previously, we have reported that stimulation with AP-PG effectively induces RIG-I (retinoic acid-inducible gene-I) and MDA5 (Melanoma differentiation associated gene-5) mRNAs in RAW264.7 cells 22 . Since both RIG-I and MDA5 are known to be ISGs 23, 24 , this suggests the possibility that other ISGs are also induced after stimulation with AP-PG. To investigate this, mRNA expressions of ISGs involved in the inhibition of influenza A virus replication after the stimulation with AP-PG were monitored by real-time RT-PCR analysis. As shown in Figure 1A -C, virperin, Mx1, and ISG15 mRNAs were significantly increased after the stimulation with AP-PG. The increment in IFITM3 mRNA expression after stimulation with AP-PG was not statistically significant ( Figure 1D) .
Next, to compare this ISGs induction activity of AP-PG with a structurally distinct b-glucan consisting of b-(1,3)-linked glucose as the main chains, curdlan which is a bacterial b-glucan produced by A. faecalis was used, and the mRNA expressions of these ISGs were monitored after stimulation with curdlan. As shown in Figure 1A -D, the results indicate that viperin, Mx1, and ISG15 mRNAs were also significantly increased after stimulation with curdlan in RAW264.7 cells with efficiencies similar to AP-PG. In addition to these ISGs, the expressions of IFN-b, IFN-c, IL-1b, and TNF-a mRNAs were Stimulation with AP-PG also induces ISGs in human macrophagelike cells. Before the analysis of the ISG expressions, the anti-virus effect of pretreatment with AP-PG in macrophage-differentiated THP-1 cells was confirmed. The results showed that similar to the RAW264.7 cells 22 , replication of influenza A virus in macrophagedifferentiated THP-1 cells was also significantly inhibited by pretreatment with AP-PG ( Figure 2A) .
Next, the expressions of these ISG mRNAs after stimulation with AP-PG and curdlan in macrophage differentiated THP-1 cells were investigated. The results showed that also in macrophage-differentiated THP-1 cells, expressions of viperin, MxA, and ISG15 mRNAs were significantly increased after stimulation with AP-PG ( Figure 2B-D) . Further, different from the results in RAW264.7 cells, the expression of IFITM3 mRNA was significantly increased after stimulation with AP-PG ( Figure 2E ). These ISG mRNA expressions were also significantly increased after stimulation with curdlan ( Figure 2B-E) . However, the induction activity of these ISG mRNAs by curdlan was significantly weaker than that of AP-PG. The induction levels of IFN-b mRNA after stimulation with AP-PG were slightly stronger than those of curdlan ( Figure 2F ), the induction activities of INF-c, IL-1b, and TNF-a mRNAs by curdlan were very similar to those of AP-PG ( Figure 2G -I). These results suggest that stimulation with AP-PG more effectively induces these ISGs than stimulation with curdlan in macrophage-differentiated THP-1 cells.
Stimulation with AP-PG induces ISGs independent of production of type I IFNs. To investigate whether the induction of ISGs is a primary response to the stimulation with AP-PG, a time-course analysis was performed. As shown in Figure 3A , the results show that viperin mRNA expression was significantly induced after stimulation with AP-PG after only 2 hours (an about 600 fold increment was recorded). However, the viperin mRNA expression was more strongly increased 4 hours after stimulation with AP-PG than at 2 hours after the stimulation, and reached an about 9,800 fold increase over that of the initial time point. The expression of IFN-b mRNA was immediately but transiently increased after stimulation with AP-PG, and peaked at 2 hours post-stimulation ( Figure 3B ).
To compare the induction activities of viperin and IFN-b mRNAs of AP-PG with other immune stimulating agents, expressions of these mRNAs after stimulation with poly (I:C) were investigated. A synthetic double-stranded RNA, poly (I:C), is a well known immune stimulator for the induction of the type I IFN response 25 . As shown in Figure 3B , IFN-b mRNA was more strongly increased after stimulation with poly (I:C) than with that of AP-PG. Different from the After an additional 48 hour incubation period, the virus titer in the medium was quantified by plaque assay. (B-I) Macrophage-differentiated THP-1 cells were stimulated with 100 mg/ml of AP-PG for 6 hours, and subsequently the total RNAs isolated from the cells were subjected to real-time RT-PCR analysis using specific primer sets. Data represent relative expression values compared with the control after normalization with GAPDH mRNA expression. Error bars indicate standard deviations which were calculated by three independent experiments. www.nature.com/scientificreports IFN-b mRNA expression, induction levels of viperin mRNA after stimulation with AP-PG were comparable to those with poly (I:C) ( Figure 3A) .
Next, the induction of viperin mRNA after stimulation with AP-PG was monitored under the condition when new protein synthesis was inhibited, using cycloheximide. The RAW264.7 cells were pretreated with 5 mM cycloheximide for 30 minutes, and subsequently stimulated with AP-PG. It has been reported that new protein synthesis is almost completely inhibited under this condition 26 . As shown in Figure 3C , the results showed that viperin mRNA was significantly increased after stimulation with AP-PG, and peaked at 4 hours after the start of stimulation. However, the increment of viperin mRNA expression in this condition is clearly weaker than without the cycloheximide treatment. These results suggest that stimulation with AP-PG is able to induce ISGs without IFN production, and further that the IFN production in response to stimulation with AP-PG is required for enhancement of ISG inductions.
Finally, effects of AP-PG stimulation on induction of viperin mRNA in type I IFN receptor knockdown cells using siRNA were investigated. As shown in Figure 4A , the siRNA targeting IFN-a receptor 1 (IFNaR1) mRNA used in this study was effectively silenced IFNaR1 mRNA expression, and the gene silencing efficiency was calculated at 81.3%. In control scrambled siRNA transfected cells, the viperin mRNA induction after stimulated with AP-PG was weaker than that of IFN-a stimulation at 3 hours post-stimulation ( Figure 4B ). After 6 hours post-stimulation, viperin mRNA expression after stimulation with AP-PG was higher than that of stimulation with IFN-a in control scrambled siRNA transfected cells ( Figure 4C ). On the other hand, viperin mRNA expression in IFNaR1 knockdown cells was significantly higher in AP-PG-stimu- Stimulation with AP-PG activates STAT-1 independently of the activation of the IFN receptor-mediated signaling pathway. To evaluate the molecular mechanism involved in the mRNA induction of these ISGs after the stimulation with AP-PG, phosphorylations of STAT1 and IRF3 were monitored by immunoblotting using specific antibodies. The results show that the phosphorylation of STAT1 at Ser 727 was increased 30 min after stimulation with AP-PG ( Figure 5A ). Phosphorylation of STAT1 at Tyr 701 in response to stimulation with AP-PG was slower than that of the phosphorylation at Ser 727, and was strongly increased from 120 min after stimulation with AP-PG. The phosphorylation of IRF3 at Ser 396, which is involved in transcriptional activation of type I IFN genes, was increased 60 min after the stimulation with AP-PG, and peaked at 120 min. Phosphorylation of Tyr 701 in STAT1 is known to be dependent on JAK, a kinase which is activated in response to stimulation with type I IFNs 20 . Therefore, these results suggest that phosphorylation of Ser 727 in STAT1 and Ser 396 in IRF3 are primary responses to stimulation with AP-PG, and that the phosphorylation of STAT1 at Tyr 701 can be considered to be increased in response to the IFNs induced after AP-PG stimulation. To confirm this, phosphorylations of STAT1 and IRF3 after stimulation of AP-PG under the condition of which new protein synthesis was blocked by high concentration of cycloheximide were investigated. The results show that although the basal level phosphorylation of STAT1 at Ser 727 was increased, Ser 727 phosphorylation of STAT1 was immediately increased after stimulation with AP-PG ( Figure 5B ). In addition, phosphorylation of Ser 396 in IRF3 was increased in the cycloheximide treated cells as similar to that in untreated cells. However, phosphorylation of Tyr 701 in STAT1 was not increased in the presence of cycloheximide. These findings indicate that production of type I IFNs followed by activation of IFN-mediated signaling pathway was thought to be almost completely inhibited after the high dose treatment with cycloheximide. Further, these results strongly suggest that stimulation with AP-PG is able to increase phosphorylation of Ser 727 in STAT1 independently from production of type I IFNs. The increment of phosphorylation of Ser 727 in STAT1 after stimulation with AP-PG was more rapidly decreased in the cycloheximide treated cells than that in untreated cells. This may suggest that prolonged activation of STAT1 through the phosphorylation of Ser 727 requires protein synthesis, such as production of type I IFNs and other cytokines.
To investigate the effect of the increase in STAT1 phosphorylation at Ser 727 after stimulation with AP-PG on the IFN-mediated transcriptional activation of ISGs, RAW264.7 cells were stimulated with IFN-a together with AP-PG, and the expression of viperin mRNA was monitored. As shown in Figure 5C , the combined stimulation with AP-PG and IFN-ainduced viperin mRNA more strongly than the independent (separate) stimulations. Further, the viperin mRNA expression after stimulation with IFN-a was also significantly increased by the combined stimulation with AP-PG also when the RAW264.7 cells were pretreated with cycloheximide ( Figure 5D ). These results suggest that stimulation with AP-PG is involved in the induction of IFNs as well as it is effective in increasing the IFN-induced expression of ISGs.
Discussion
This study demonstrates that stimulation with AP-PG effectively induces ISGs involved in the elimination of influenza A virus infections in RAW264.7 cells and macrophage-differentiated THP-1 cells. Previously we have demonstrated that pretreatment with AP-PG effectively inhibits the replication of the influenza A virus in RAW264.7 cells 22 . In addition to RAW264.7 cells, this study shows that pretreatment with AP-PG is also effective to inhibit influenza A virus replication in macrophage-differentiated THP-1 cells. The study demonstrates the anti-virus activity of the ISGs examined in this study. This would suggest that induction of these ISG mRNAs may be considered to be involved in the in vitro anti-virus effects of pretreatment with AP-PG with these macrophage-like cell lines.
The results of the immunoblotting analysis indicate that stimulation with AP-PG induces phosphorylation of STAT1 at Ser 727, an effect that is important for the enhancement of STAT1 activation ( Figure 5A and 5B). The results also suggest that AP-PG stimulation is not directly involved in phosphorylation of STAT1 at Tyr 701 which is responsible to primary activation of STAT1. Therefore, stimulation with AP-PG is thought to be involved in enhancement of the transcriptional activity of the STAT1 activated by the IFNmediated signaling pathway. This line of reasoning is supported by the results of the combined stimulation with IFN-a and AP-PG. As shown in Figure 5C and 5D, the IFN-a induced viperin mRNA expression is significantly increased when combined with AP-PG stimulation. The signaling molecules involved in the phosphorylation of STAT1 at Ser 727 after stimulation with AP-PG have not been identified. It has been reported that phosphorylation of Ser 727 in STAT1 is upregulated by the activation of the MAPK pathway 21 . In addition, the MAPK pathway is known to be activated after stimulation with b-glucan 27 . Therefore, the MAPK pathway may possibly be involved in the Ser 727 phosphorylation of STAT1 induced after stimulation with AP-PG. The results of real-time RT-PCR analysis show that basal level expression of viperin mRNA was increased after treatment with cycloheximide ( Figure 3C ). In addition, the basal level phosphorylation of STAT1 at Ser 727 in the cycloheximide was increased in the cells treated with cycloheximide in comparison with that in untreated cells ( Figure 5A and 5B). It has been reported that treatment with cycloheximide causes sustained activation of MAPK 28 . The increment of STAT1 phosphorylation at Ser 727 after treatment with cycloheximide is thought to be involved in this sustained activation of MAPK, and this may affect to the basal level expression of viperin mRNA.
In macrophage-differentiated THP-1 cells, stimulation with AP-PG more effectively induces the ISG mRNAs than stimulation with curdlan, while TNF-a and IL-1b mRNAs are effectively induced after stimulation with curdlan similar to the effect of AP-PG stimulation ( Figure 2) . Further, as shown in Figure 1 , the induction of activity with curdlan stimulation on IL-1b, IFN-b, and TNF-a mRNAs is stronger than with stimulation by AP-PG, however the level of activity induced in ISGs is very similar to that with AP-PG. Macrophages are important to activate the immune system in response to stimulation of b-glucans consisting of b-(1,3)-linked main chains, and CR3 (complement receptor 3) and dectin-1 (dendritic cell-associated C-type lectin-1) are known to be major receptors for recognition of these b-glucans in macrophages 29 . It has been reported that AP-PG does not exhibit binding activity to dectin-1 30 , while curdlan is known to be an agonist for dectin-1 and is recognized by dectin-1 31, 32 . This difference in dectin-1 binding affinities between curdlan and AP-PG may be related in the differences in the induction efficiency of ISGs.
In this study, we propose a molecular mechanism for the in vitro anti-influenza A virus activity arising from pretreatment with AP-PG in macrophage-like cell lines. We have previously demonstrated that oral administration of A. pullulans-cultured fluid containing AP-PG as a main compound also exhibits antiviral activity against influenza A virus in mice. However, it is not clear whether this molecular mechanism works with in vivo anti-influenza A virus effects. A previous report demonstrated that murine alveolar macrophages are activated by oral administration of a b-glucan produced by the fungus Sclerotinia sclerotiorum 33 . Therefore, it is possible that similar to the b-glucan produced by S. sclerotiorum, oral administration of AP-PG may affect to the immune activities of alveolar macrophages. Further investigation is required to understand the molecular mechanisms of the protective activity arising from oral administration of AP-PG against influenza A virus.
Methods
Cell culture. A murine macrophage-like cell line, RAW264.7 cells (ATCC TIB-71) 34 , and a human monocyte-derived cell line, THP-1 cells (ATCC TIB-202) 35 , were cultured in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin (Sigma-Aldrich), and were grown at 37uC in 5% CO 2 in a humidified incubator. For differentiation of THP-1 cells into macrophages, the THP-1 cells were stimulated with 100 nM phorbol-12-myristate-13-acetate (PMA) for 72 hours. Then the cells were grown in fresh medium without PMA for 24 hours, and used for the assay.
Preparation of purified b-glucan. The method for purification of AP-PG from A. pullulans-cultured fluid is described elsewhere 22 . The purity of AP-PG was estimated to be more than 99.9% using high performance liquid chromatography (HPLC). Purified curdlan derived from Alcaligenes faecalis used in this study was obtained from commercially available products (Sigma-Aldrich).
Virus infection and plaque assay. Propagation of A/Puerto Rico/8/1934 (PR8; H1N1) strains of influenza A virus, and quantification of the virus titer were performed as previously described 22 .
Real-time reverse transcription polymerase chain reaction (RT-PCR). The method for the extraction of total RNA from the cultured cells followed by real-time PCR analysis is described elsewhere 22 . The real-time RT-PCR reaction was performed using CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). To determine relative expression of the mRNAs, the real-time RT-PCR data was analyzed by delta delat-Ct method using the CFX manager software Version 1.6 (Bio-Rad Laboratories). Sequences of specific primer sets used in this study are listed in Table 1 .
siRNA and transfection. The siRNA targeting IFNaR1 mRNA (Sigma-Aldrich) and control scrambled siRNA (Ambion, Austin, TX, USA) were purchased from commercially available products. Transfection of siRNA into RAW264.7 cells was performed using LipofectAMINE RNAimax transfection reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) in accordance with manufacturer's instructions. Immunoblotting. Rabbit monoclonal antibodies for IRF3, phosphor-IRF3 (Ser 396), STAT1 and phosphor-STAT1 (Tyr701 and Ser727) were purchased from commercially available products (Cell Signaling Technology, Beverly, MA, USA). The cells were lysed with RIPA buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate) supplemented with protease inhibitor (Complete Mini; Roche) and phosphatase inhibitor cocktail (Sigma-Aldrich). After the cell debris was removed by centrifugation, the extracts (20 mg/lane) were subjected to immunoblotting analysis.
Statistical analysis. To check for significant differences between the indicated pairs of data, a two-tailed unpaired Student's t-test was performed in this study.
